Chitosan pressure-driven filtration membranes have been studied. The factors affecting the solubility of high-molecular-weight chitosan have been analyzed, and the optimal procedure for preparing its concentrated solutions has been proposed. Formulations of casting solutions for fabricating micro-, ultra-, and nanofiltration and reverse osmosis membranes based on chitosan have been developed. The membranes obtained using the dry and dry/wet casting techniques have been tested to determine their porosity, specific flux, and rejection ability. It has been established that the performance characteristics of the developed chitosan membranes are similar to those of pressure-driven filtration membranes made from other polymers.
INTRODUCTION
Membrane technologies are increasingly used in various industries [1] . The main element of filtration modules is selectively permeable membranes, which are made from various materials.
A promising type of polymer material for fabricating pressure-driven filtration membranes is chitosan (Chts), obtained by partial deacetylation of chitin (Cht), which is part of the outer skeleton of crustaceans (crabs, krill, shrimp, etc.). The attractiveness of chitosan is due to a number of its useful properties, such as nontoxicity, biocompatibility, degradability under natural conditions, capability to be physicochemically modified, balance of hydrophilic and hydrophobic properties, solubility in a large number of dilute acids, high film-forming ability, and a practically unlimited source of renewable feedstock.
An analysis of available literature showed that the physicochemical properties of chitosan, which is a semicrystalline polymer, are determined by the molecular, supramolecular, and higher levels of its structural organization [2] [3] [4] [5] [6] . The molecular level of the chitosan structure (chemical composition and way of linking atoms in the repeat units of the macromolecular chain, the shape and size of macromolecules, and their arrangement in space) has been well studied [2] [3] [4] . The supramolecular level of the chitosan structure and chitosan-based membranes, which is characterized by a set of semicrystalline parameters (angular position of crystal reflections and the corresponding interplanar distances, crystallinity, crystallite and amorphous-domain sizes, etc.), and higher morpho-logical levels of its structure (particle-size distribution, adsorption porosimetric, and other parameters) have not been adequately investigated [5, 6] .
Of the chemical parameters, the molecular weight and the degree of deacetylation have the greatest influence on the structure and properties of chitosan and membrane materials [3] .
Analysis of the literature showed that for the manufacture of chitosan film materials, including separation membranes, which should have sufficiently high stress-strain characteristics, it is necessary to use chitosan with a viscosity-average molecular mass of more than 300 kDa and a degree of deacetylation (DDA) above 75 mol % [7] [8] [9] .
High-molecular-weight chitosan can dissolve in mixtures of water with monobasic acids at pH values of the mixtures below 4 at which a high level of protonation of the amino groups of the polymer is ensured. However, to obtain uniformly structured solutions, their preparation conditions need to be optimized [10] .
In solutions, chitosan from the basic chemical form, in which it is found in the feedstock, is converted into the salt chemical form, with the type of a chitosan salt in solution depending on the nature of the acid used to prepare the solvent for the polymer.
Salt membranes are fabricated by casting a solution on a substrate with the subsequent conversion of the solution (sol) into a gel, and then into a solid film. The chitosan salt membranes exhibit a fairly high antibacterial activity due to the positively charged amino groups in their composition. However, chitosan η M 3 NH + salt membranes can dissolve in water and therefore are used mainly in medicine for the treatment of burns and wounds [11] . Treating chitosan salt membranes with alkali solutions makes them water-insoluble and capable to stay in the hydrated state for a long time. By this treatment, chitosan in the membranes passes from the polysalt to the polybase form due to the chemical modification reaction [7] [8] [9] .
An analysis of published data on water-insoluble film materials based on chitosan has shown that they concern the preparation and characterization of dense nonporous films intended for the pervaporative separation of water-alcohol solutions [7] [8] [9] [10] 12] .
The purpose of this study is to develop a scientific and technological basis for the fabrication and characterization of chitosan pressure-driven filtration membranes.
Since the structure and properties of chitosan membranes are entirely formed over all the technological steps of processing the raw material into finished products, an integrated methodological approach will be used in the study, including cotesting the porosimetry, transport, and selectivity characteristics of membranes in the swollen state, in which they occur in filtration modules.
EXPERIMENTAL. RESULTS AND DISCUSSION
The polymeric material used to prepare casting solutions and membranes was powdered chitosan obtained from crab chitin by its partial deacetylation in 50% NaOH solution at a temperature of 130°C for 30 min.
The molecular mass of chitosan was determined at 25°C on a Ubbelohde viscometer with a capillary diameter of 0.56 mm. The solvent was an acetate buffer with pH 4.4. The value of viscosity average molecular mass calculated using the Mark-Kuhn-Houwink-Sakurada equation with coefficients of k = 1.38 × 10 −4 and a = 0.85 proposed in [14] , turned out to be 420 ± 10 kDa.
The chitosan degree of deacetylation determined by potentiometric titration was 80 ± 2 mol %.
The moisture content of air-dry chitosan was 10.7%, as determined by the gravimetric method at a temperature of 105°C.
The particle size distribution of the initial powdered chitosan was determined by particle size analysis. It was established that chitosan is polydisperse. It mainly consists of particles with diameters from 0.25 to 2.0 mm. At the same time, up to 70% of all particles are fractions with sizes of 1-2 mm. About 2% fall to the fraction with a size less than 0.25 mm, and about 3% to the fraction with a size greater than 2 mm.
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The rate of polymer swelling and dissolving during the casting-solution preparation process strongly depends on the pore structure of the polymer. The porosimetric parameters of powdered chitosan were determined by the nitrogen sorption-desorption method using a Quantachrome NOVA 1200e computerized high-speed specific surface area and pore volume analyzer.
It was found that chitosan used in the experiments is a mesoporous material with pore radii ranging from 4 to 55 nm. Its integral porosity V p does not exceed 0.07 cm 3 /g, and the specific surface area S sp is 8 m 2 /g [15] .
The semicrystalline structure of the chitosan source material and the membranes obtained from it were studied using a DRON-3 diffractometer in the 2θ angle range of 5° to 60° in reflection geometry with automatic recording on a personal computer. Monochromatic Ni-filtered CuK α radiation with a wavelength of λ = 1.54 Å was used.
The degree of crystallinity of the initial chitosan was 50%.
Analysis of the available data on the chitosan solubility in aqueous solutions of various monobasic acids showed that the most optimal solvent system is a mixture of water with acetic acid (AcOH) [2, 10, 11] . Dilute aqueous solutions of acetic acid exhibit good chemical and thermodynamic compatibility with chitosan, have minimal toxicity and biological hazards, and are the most affordable and cheap reagents. Therefore, the aqueous acetic acid solvent was used for the preparation of casting solutions in this work.
Special experiments have shown that for the highmolecular-weight chitosan used, its complete dissolution visually observed as the transparency of the solutions and analytically determined as cessation of the dissolution process (with an accuracy of 0.2-2.0%) is achieved at an acetic acid/NH 2 molar ratio of more than 1.5. At a lower value of this ratio, the degree of amino group protonation necessary for the complete dissolution of chitosan is not achieved.
The indicative test characteristics (porosity, average pore diameter, diameter and molecular mass of rejected particles, filter layer structure, rejection ability, working filtration pressure, specific flux, etc.) that have to be possessed by chitosan microfiltration (MF), ultrafiltration (UV ), nanofiltration (NF), and reverse osmosis (RO) membranes have been analyzed. The required characteristics of pressure-driven filtration membranes can be achieved primarily through the development and implementation of formulations of chitosan solutions corresponding to a particular type of membranes and their casting method.
Based on a detailed analysis of the results of preliminary exploratory studies, we developed a formulation of casting chitosan solutions for fabricating pressure-driven filtration membranes of all four types. It was found that to resolve the dilemma of achieving MEMBRANES AND MEMBRANE TECHNOLOGIES Vol. 1 No. 5 2019 high selectivity with ensuring acceptable membrane flux, the concentration of chitosan in the casting solutions should be in the ranges of 0.5-1.5, 2.5-4.0, 5.0-6.0, and 6.5-8.0 wt % for microfiltration, ultrafiltration, nanofiltration, and reverse osmosis membranes, respectively.
In the case of preparation of casting solutions with a chitosan concentration C Chts of more than 5 wt %, steric and kinetic hindrances to the completeness of polymer dissolution appear. These hindrances are associated with high crystallinity and low porosity of the chitosan feedstock, which cause a decrease in the rate of penetration of swelling and dissolving agents and in accessibility of macromolecular chains and functional groups of chitosan for them.
In order to achieve complete dissolution of highmolecular-weight and highly crystallized chitosan over the entire working range of concentrations of solutions for casting pressure-driven filtration membranes (C Chts = 0.5-8.0 wt %), a certain technological staging of their preparation was proposed.
Analysis of the chitosan-water-acetic acid system showed that the first stage in the process flowchart of solution preparation should be swelling of the entire volume of the polymer in the water taken to make the casting mixture. If powdered chitosan is subjected to swelling in a medium in which it ultimately dissolves (in AcOH mixture with water), then the processes of sorption of solvent molecules by the porous chitosan powder will be accompanied by parallel processes of formation of polymer-rich diffusion layers in the pores of chitosan particles. These layers of highly concentrated gel will block capillary mesopores and block the path of the solvent inside the polymer particles, slowing down the solvation processes. For this reason, the chitosan dissolution rate will decrease.
Specially set experiments have shown that as a result of the swelling of powdered chitosan particles in water, the water is intensively sorbed by the particles and a quasi-equilibrium state is established after 50-60 min, with the maximum (equilibrium) degree of swelling reaching 80%.
The water absorbed by powdered chitosan is not only physisorbed by its structural elements, but also exhibits chemical affinity for the hydrophilic functional groups of polymer macromolecules. The appearance of water in the chitosan structure increases the mobility of macromolecules and leads to their conformational changes. Due to these changes, the semicrystalline structure of chitosan swollen in water is transformed.
X-ray diffraction studies showed that swelling of chitosan leads to redistribution of diffraction patterns and radiation scattering intensity on the diffractogram with an increase in its diffuse component and a 27% increase in the proportion of amorphous regions in the swollen samples compared to air-dry samples.
Thus, the preliminary swelling of powdered chitosan in water leads to its amorphization, which facilitates more rapid and complete dissolution of the polymer.
In the second stage of the preparation of chitosan solutions, after swelling the polymer sample in water to an equilibrium state, acetic acid is added in small portions to the solutions and the resulting mixture is subjected to intensive mechanical stirring. Depending on the concentration of the solution, this stage takes from 8 to 24 hours.
At the third stage of preparation, chitosan solutions are heated in a water bath at 50°C for 30 min. Heating promotes the degradation of the most stable crystallites and accelerates the chitosan dissolution process.
At the fourth stage of preparation, chitosan solutions are held at room temperature for 24 hours. This stage contributes to a more complete additional dissolution of microcrystallites and facilitates deaeration and the formation of a native supramolecular structure of a solution of a given composition.
Salt membrane castings were obtained by casting formula solutions with different chitosan concentrations on a glass substrate.
The casting solutions intended for fabricating isotropic microfiltration and some ultrafiltration membranes were transferred to a solid state by drying in air at a temperature of 22 ± 2°C.
The analysis of the dependence of the relative mass of membrane castings on the duration of the dry phase inversion process, which is shown in Fig. 1 , led to the conclusion that the most intensive drying of the castings occurs in the first 20 hours. Stabilization of the mass and thickness of the membranes was observed after 70-72 hours. The relative moisture content of the air-dry membranes was 10-12%.
It should be noted that the duration of the dry casting of chitosan membranes from aqueous acetic acid solutions at the same drying temperatures is about three times longer than that for membranes from the related polymer cellulose acetate, the solvent of which was an aqueous acetone mixture [16] . This difference in the duration of the dry casting of chitosan and cellulose acetate membranes is explained by the difference in the composition of solvent systems and boiling points of the main components of these systems (100°С for water, 118.1°С for acetic acid, 56.1°С for acetone).
To obtain isotropic chitosan membranes capable of working in the hydrated state in filtration modules, air-dry salt membranes with a degree of crystallinity of 17.3% were subjected to chemical modification, which was reduced to the conversion of chitosan in the membranes from the polysalt to the polybase form. In this case, for chemical modification, salt membranes were treated with a 10% NaOH aqueous solution for 2 h, followed by washing with distilled water until it was neutral.
Filtration processes are mainly conducted in aqueous solutions, in which semipermeable membranes undergo swelling with water and occur in the hydrated state for a long time.
A comparative analysis of the supramolecular structure of basic air-dry and water-saturated chitosan membranes showed the presence of water-induced structural transformations. Due to the increase in the proportion of the amorphous component in the water-saturated membranes, their crystallinity decreases to 10%.
For the fabrication of waterproof anisotropic ultrafiltration, nanofiltration, and reverse osmosis membranes based on chitosan, a modified method of drywet casting was proposed. The features of the proposed method are that the formation of the surface barrier layer with a fine-porous structure begins at the stage of drying the salt membrane. Immediately after casting the solution on the substrate, the heat flux from infrared emitters is directed to the outer surface of the membrane preform and thereby evaporates the solvent components so that, after some time of heat treatment, a gel-like layer with an increased polymer concentration is formed on the upper surface of the casting solution.
Specially conducted experiments showed that it is impossible to form a barrier layer on the casting without heat treatment of its surface. This is due to the high boiling points of the solvent components, leading to low rates of their evaporation from chitosan solutions at room temperature.
At the second stage, the gel preform of the salt membrane partially dried during the time of heat treatment and the formation of the surface barrier layer, which is 1-5 min for different types of anisotropic chitosan membranes, is immersed in a nonsolvent bath, whose temperature is maintained at 1-3°C. By the action of the nonsolvent, which was a 10% NaOH aqueous solution, chitosan occurring in the form of chitosan acetate in the salt membrane preform is converted to the basic water-insoluble chemical form within 2 hours.
When immersed in the cold nonsolvent, the gel preform top layer, from which the solvent has evaporated during heat treatment, instantly vitrifies, forming a thin barrier layer with very small pores on the order of 10 −8 -10 −9 m.
After separation from the substrate, the wet membrane preform is sent either to drying or to further hydrothermal treatment ("annealing") in order to control the pore structure of the barrier layer.
The fabricated samples of basic water-insoluble chitosan membranes were tested for their porosity, permeability (specific flux), and selectivity (rejection ability).
Distilled water, low-fat cottage cheese whey, and aqueous lactose solutions were used as test filtrates.
Experiments to determine the specific flux and the rejection factor of the membranes were carried out on an experimental setup according to the procedures described in [6] .
To characterize pressure-driven filtration membranes, total and effective (transport) porosity are used [17] .
The total porosity was evaluated using the volumetric-gravimetric method [15] . The essence of the volumetric-gravimetric method is reduced to studying the process of swelling of membrane samples in an aqueous medium.
The membrane swelling kinetics was analyzed using experimental data on the change in degree of swelling α with time τ.
The degree of swelling of the membranes was calculated by the formula:
where m 0 and m are the masses of the initial and the swollen sample, respectively, g.
The current (α τ ) and maximum (α max ) degrees of swelling were distinguished in this case. Figure 2 shows swelling rate curves for chitosan membranes in distilled water. The analysis of these curves shows that the swelling process is the most intensive in the initial period of time, and then the swelling rate decreases.
Since chitosan is a semicrystalline hydrophilichydrophobic and, moreover, polar polymer, the swelling of chitosan-based membranes is a rather complex multistage process. Unlike the case of nonswellable porous solids, in which sorbate (water) molecules simply fill pore volumes in accordance with the laws of physical adsorption without leading to a change in the sorbent volume and structure, the swelling of chitosan membranes is accompanied by a change in their geometric dimensions and by structural rearrangements (enhancement of conformational mobility macromolecules, their hydration, etc.). Analysis of the swelling kinetics of chitosan membranes showed that the kinetic behavior is primarily determined by the affinity of the sorbate (water) for the polymer and by the rate of diffusion processes. In porous chitosan membranes, swelling should be accelerated due to the additional capillary penetration of fluid via through pores.
Analysis of the kinetic curves presented in Fig. 2 has shown that for all the investigated membrane samples, the main differences are in the initial portions of the swelling curves, as well as in the value of the equilibrium degree of swelling.
Thus, the concentration of the polymer in the casting solution affects primarily the membrane swelling rate, which increases as the chitosan content in the solution decreases. This is an indication of an increase in total porosity of the membranes with a decrease in the concentration of chitosan in casting solutions.
Since the rate of membrane swelling in the initial time period is limited mainly by the intensity of capillary penetration and adsorption of sorbate (water) molecules on the surface and in the pore volume, the volume of the adsorption (physical) pores and the total porosity of a particular type of membrane can be judged from the values of the degree of swelling at the end of the steep initial portion of the curve.
Three characteristic regions separated by lines I-I and II-II can be distinguished in the membrane swelling curves.
The first region, located between the origin of coordinates and line I-I, is associated with the processes of filling the total volume of all membrane voids with the absorbed liquid (water). In turn, the total volume of all membrane voids will consist of two parts: the internal free volume of the polymer matrix V F and the external volume of the artificially induced pores V EX .
The internal free volume V F is defined for polymers as the difference between the volume of 1 mole of the matrix body V B and the intrinsic van der Waals volume of polymer macromolecules V W [18] :
The voids in the polymer matrix body are estimated by the packing factor K p defined as the ratio V W /V B . Using the factor K p to determine the relative free volume of the polymer matrix, we obtain the expression:
The volume of a polymer, including chitosan, can be determined dilatometrically or calculated from the density measured using pycnometers. Reference books on polymers can also be used.
An analysis of the published data showed that even for the crystalline phase of polymers, the relative free volume is 0.2-0.32 [1, 18] . For the amorphous phase of polymers in the glassy state, the value of K p is constant and almost does not depend on the chemical structure of the polymer. The average value of the packing factor for the amorphous phase of semicrystalline polymers can be taken as = 0.68 and that of the relative free volume as 0.32 [18] .
The value of the relative free volume in the matrix of chitosan membranes can be calculated by the additivity rule, knowing the degree of crystallinity of the membranes.
For basic chitosan membranes in the swollen state, the degree of crystallinity was 10%, and the degree of amorphousness was 90%. In this case, the average value of the packing factor for the chitosan membrane matrix will be approximately 0.676 and the relative free volume will be 0.324.
The external volume (volume of artificially induced pores) V EX was created in chitosan membranes with the use of various blowing agents and fabrication methods in their casting.
During the swelling of semipermeable chitosan membranes, the wetting liquid (water) will fill both the internal free volume and the external pore volume; i.e., the total volume V Σ will as follows: Fig. 2 the values of total volume V Σ equal to the total porosity of the membranes (the point of intersection of line I-I with the swelling rate curves) according to Eq. (4), we can calculate the value of external induced porosity: (5) Calculations showed that the induced porosity for different types of filtration membranes has different values: 8, 14, 26, and 42% for RO, NF, UF, and MF membranes, respectively.
Processing of the swelling rate curves shown in Fig. 2 revealed that it was possible to prepare micro-, ultra-, nanofiltration, and reverse osmosis membranes with a total porosity of 74, 58, 46, and 40%, respectively, using the developed formulations of chitosan solutions.
In the second region of the swelling curves, located between lines I-I and II-II, the water that has got into the membranes in the first region diffuses deep into the polymer matrix and enters into chemisorption interaction with the functional groups of chitosan. The rate of the processes of interaction of water and chitosan in the second region is much lower than in the first one. All the liquid absorbed in this area is consumed for the binding (hydration) of the active functional groups of the polymer.
In the third region of the swelling curves, located to the right of line II-II, the degree of membrane swelling reaches a maximum value α max .
In this region, the processes of rearrangement of intra-and intermolecular bonds, as well as the macromolecular structure at the steric level with the establishment of a quasi-equilibrium state of swollen membranes, are completed.
The maximum degree of swelling α max of chitosan membranes of these types turned out to be 98, 92, 88, or 83% for MF, UF, NF, or RO membranes, respectively.
The specific flux of pressure-driven filtration membranes is determined not only by total, but also by effective (transport) porosity.
By recording the experimental dependences of fluid flow rate across the membrane upon filtration pressure and using the flow-through filtration method and the bubble point test [17] simultaneously, it is possible to determine the pore radii and pore number distribution curves, average pore radius, and effective porosity for membranes of different types.
The specific water flux of chitosan membranes was studied in the filtration pressure ranges characteristic of each type of membrane. The results of the experiment are presented in Fig. 3 .
First of all, it should be noted that the experimentally obtained numerical values of the specific flux of the chitosan membranes developed (see Fig. 3 ) correspond to the indicative test characteristics of the same
types of filtration membranes made from other polymers [19, 20] . The analysis of the results also showed that microfiltration membranes become permeable to water at pressures above 0.025 MPa and nanofiltration membranes, at pressures above 0.35 MPa.
The relations of the specific flux to the filtration pressure for all the investigated types of membranes are expressed by S-shaped curves, the slope of which varies for different portions of the curves. This behavior indicates that the chitosan membranes prepared in this study have a large number of pores of different radii. The greater the slope of the G = f(P) curve, the higher the density of pores operating in this pressure range.
At the specified minimum pressures of the onset of filtration in the membranes, the flow through the pores of the largest size begins. With increasing pressure, pores with smaller dimensions become permeable. With a further increase in pressure, smaller and smaller pores become permeable. Finally, a pressure is reached at which the smallest pores open in the membranes. With a further increase in pressure, the filtrate flux will increase in proportion to the pressure according to the Hagen-Poiseuille law. Figure 4 shows the results of testing the permeability of chitosan ultrafiltration membranes by passing curd whey through them. Experimental data on the permeability of this type of membrane in distilled water are also shown there for comparison.
It should be noted that the experiments were carried out at the filtration pressure ranging from 0.05 to 0.5 MPa, characteristic of the operating modes of ultrafiltration membranes.
These experimental data show that an increase in filtration pressure leads to an increase in the specific flux of chitosan ultrafiltration membranes.
At the same time, the permeability of the membranes in whey is significantly lower than in water. This is caused by the blocking of the membrane pores by protein fractions [21] .
The experimental results presented in Fig. 4 , also show that chitosan ultrafiltration membranes become permeable to water at a pressure of 0.05 MPa and for curd whey, at a pressure of 0.075 MPa, a difference that is explained by the influence of whey proteins on the partial blockage of pores.
The analysis of the dependences of the specific flux of the membranes on the filtration pressure (see Fig. 4 ) suggests that the smaller the pore size, the stronger is the blocking of the pores by proteins.
These results show that the specific flux values of the chitosan ultrafiltration membranes for whey are consistent with similar experimental data on whey ultrafiltration using membranes made from another polymer [21] .
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It was established that the rejection ability of UF membranes increases from 70% at a filtration pressure of P = 0.075 MPa to 96% at P = 0.4 MPa. A further increase in pressure to 0.5 MPa does not lead to any significant changes in the selectivity of the membranes.
This pattern of the relationship can be explained by the fact that the developed chitosan membranes, including ultrafiltration membranes, have a large number of pores of various sizes. At minimum pressures of the onset of filtration, the flow of whey and the selective separation of proteins from it through the pores of the largest size begin. Since whey proteins consist of five fractions, the range of particle diameters of which is 40-230 nm [22] , some of the proteins with small sizes slip through large pores with the permeate, thereby reducing the value of membrane rejection.
( ) f P ϕ = As the filtration pressure increases, membrane pores with smaller sizes become permeable and selective, leading to an increase in the membrane rejection ability.
When the filtration pressure reaches P = 0.4 MPa, the smallest pores in the UF membranes open and the rejection reaches maximum values for these membranes.
With a further increase in pressure, the flow rate of the whey will increase in proportion to the pressure according to the Hagen-Poiseuille law (see Fig. 4 ), whereas the rejection remains almost unchanged (see Fig. 5 ).
To isolate lactose having a molecular mass of 342.3 Da and the average particle diameter about 6 nm from aqueous solutions, chitosan nanofiltration membranes subjected to hydrothermal treatment ("annealing") were used.
A necessary condition for effective "annealing" is the devitrification of the polymer, since it is only under these conditions that relaxation processes occur at a sufficient rate. The thermal energy supplied to the casting accelerates the translational movement of chitosan macromolecules, as a result of which polar groups on the same or neighboring macromolecules can approach each other to the extent that they actually form crosslinks due to dipole-dipole interactions. These crosslinks will affect the mobility of the polymer macromolecular chains and lead to changes in the supramolecular and pore structure of the primary gel.
For chitosans, according to different authors [3, 12] , the glass transition temperature is in the range of 70-100°С depending on the molecular mass and degree of deacetylation. It is in this temperature range of water that the freshly formed nanofiltration chitosan membranes were annealed. Since not only the barrier layer of the membranes, but also their bulk are affected by temperature during "annealing," the hydrothermal treatment was carried out with great care to avoid loss of membrane permeability uncompensated by an increase in their selectivity. During "annealing," the temperature-time superposition permissible for this process was determined and maintained.
The experiments have shown that "annealing" is accompanied by a continuous decrease in the water content (pore volume) in membranes with an increase in temperature and time of their hydrothermal treatment (Fig. 6) .
The decrease in water content in the primary gel during the "annealing" can be explained by the formation of crosslinks between the polar groups of chitosan macromolecules, a decrease in the number of hydrogen bonds and the size of the water clusters themselves.
As can be seen from Fig. 6 (curve 1) , the most intensive decrease in the water content of newly formed membranes occurs within the first 10 min of annealing, when the value of W decreases from 75 to 53%, i.e. 30% of the original value. A further increase in the duration of annealing to 30 min leads to as small an additional decrease in water content as 3.0%.
Based on the results obtained, we can conclude that it is reasonable to carry out the hydrothermal treatment of chitosan membranes for no more than 10 min.
From Fig. 6 it also follows that an increase in the annealing temperature leads to an additional decrease in the water content of the membranes. However, the influence of the temperature factor is less significant than the influence of the annealing time.
Thus, an increase in the annealing temperature from 77 to 98°C causes a decrease in the water content of the membranes from 49 to 38% (Fig. 6, curve 2) . Figure 7 shows the change in the specific flux and the lactose rejection of the chitosan nanofiltration membranes, prepared by the dry-wet method, at different annealing temperatures. An analysis of the results shows that increasing the annealing temperature from 70 to 90°C leads to a decrease in the specific flux of the membranes from 210 to 40 L/(m 2 h), i.e., by more than five times. The lactose rejection factor increases from 80% at t = 70°C to 95% at t = 90°C.
A further increase in the annealing temperature from 90 to 98°C causes an abrupt decrease in ϕ from 95 to 82% and a further drop in the specific flux of the membranes from 40 to 14 L/(m 2 h).
The results indicate that the hydrothermal treatment of the primary gel castings formed by the drywet method from chitosan solutions makes it possible to regulate the performance characteristics (permeability and selectivity) of the developed membranes over a fairly wide range. The maximum lactose rejection factor for membranes of the studied composition, reaching 95%, is attained when their hydrothermal treatment is carried out at a temperature of 90°C for 10 min. Note that the "annealed" membranes, possessing a high rejection ability, provide a sufficiently high filtrate flux (see Fig. 7 ) and can be used in nanofiltration and reverse osmosis technologies. CONCLUSIONS (1) Chitosan is a promising raw material for fabricating semipermeable membranes for pressure-driven filtration processes. To prepare these membranes, it is necessary to use chitosan with a viscosity-average molecular mass of more than 300 kDa and a degree of deacetylation above 75 mol %.
(2) High-molecular-weight crab powder chitosan produced from chitin by alkaline deacetylation is a low-porosity material with a high degree of crystallinity (50%), which makes it difficult to dissolve. An optimal technology has been proposed for preparing chitosan casting solutions for the fabrication of pressuredriven filtration membranes, which ensures the complete solubility of the source material, including that in highly concentrated solutions.
(3) Formulations of casting solutions for the fabrication of micro-, ultra-, and nanofiltration membranes and reverse osmosis membranes have been developed. It has been established that to resolve the dilemma of achieving high selectivity with ensuring acceptable membrane flux, the concentration of chi-tosan in casting solutions for making membranes of various types should be in the range of 0.5-8.0 wt %.
(4) The kinetic features of the formation of isotropic chitosan membranes by the dry casting method have been revealed. It has been shown that the formation of these membranes takes a much longer time under comparable conditions than for membranes made from the related polymer cellulose acetate, which is explained by the difference in the solvent systems used.
(5) A modified method of dry-wet casting of anisotropic chitosan membranes for pressure-driven filtration has been proposed, which allows forming a surface barrier layer with an adjustable pore structure and converting chitosan, which is in the form of chitosan acetate in the salt membrane preform, to the water-insoluble basic chemical form.
(6) The developed chitosan pressure-driven filtration membranes have been tested to determine their porosity, specific flux, and rejection ability. It has been shown that the developed formulations of chitosan solutions, as well as the membrane casting techniques, provide the fabrication of MF, UF, NF, and RO membranes with a total porosity of 74, 58, 46, and 40%, respectively.
It has been established that the values of specific flux and rejection ability of the developed chitosan membranes correspond to the performance characteristics of pressure-driven filtration membranes made from other polymers. 
